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and Neuropathology in R6/2 and BACHD Mouse Models of
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Loss of neurotrophic support in the striatum caused by reduced brain-derived neurotrophic factor (BDNF) levels plays a critical role in
Huntington’s disease (HD) pathogenesis. BDNF acts via TrkB and p75 neurotrophin receptors (NTR), and restoring its signaling is a
prime target for HD therapeutics. Here we sought to determine whether a small molecule ligand, LM22A-4, specific for TrkB and without
effects on p75 NTR, could alleviate HD-related pathology in R6/2 and BACHD mouse models of HD. LM22A-4 was administered to R6/2
mice once daily (5– 6 d/week) from 4 to 11 weeks of age via intraperitoneal and intranasal routes simultaneously to maximize brain levels.
The ligand reached levels in the R6/2 forebrain greater than the maximal neuroprotective dose in vitro and corrected deficits in activation
of striatal TrkB and its key signaling intermediates AKT, PLC�, and CREB. Ligand-induced TrkB activation was associated with a
reduction in HD pathologies in the striatum including decreased DARPP-32 levels, neurite degeneration of parvalbumin-containing
interneurons, inflammation, and intranuclear huntingtin aggregates. Aggregates were also reduced in the cortex. Notably, LM22A-4
prevented deficits in dendritic spine density of medium spiny neurons. Moreover, R6/2 mice given LM22A-4 demonstrated improved
downward climbing and grip strength compared with those given vehicle, though these groups had comparable rotarod performances
and survival times. In BACHD mice, long-term LM22A-4 treatment (6 months) produced similar ameliorative effects. These results
support the hypothesis that targeted activation of TrkB inhibits HD-related degenerative mechanisms, including spine loss, and may
provide a disease mechanism-directed therapy for HD and other neurodegenerative conditions.

Introduction
Huntington’s disease (HD) is a neurodegenerative disorder character-
ized by striatal and cortical degeneration leading to progressive motor,
cognitive,andpsychiatricdisturbances(VonsattelandDiFiglia,1998).It
is caused by a mutation in the HTT gene causing expression of the
huntingtin protein with an expanded polyglutamine stretch (Hunting-
ton’s Disease Collaborative Research Group, 1993). Neuropathological
hallmarks include intranuclear aggregates of mutant huntingtin and se-
lective degeneration of striatal medium spiny neurons (MSNs; Vonsat-
tel et al., 1985; DiFiglia et al., 1997).

Numerous mechanisms have been linked to HD neurodegen-
eration but their pathogenic contributions are unclear (Zuccato

et al., 2010). However, multiple lines of evidence attribute a fun-
damental role to loss of neurotrophic support, primarily deficits
in brain-derived neurotrophic factor (BDNF), which binds to the
TrkB and p75 neurotrophin receptors (NTR; p75 NTR). Mutant
huntingtin has deleterious effects on BDNF gene expression
causing decreased protein levels principally in striatum and cor-
tex of HD patients and mouse models (Zuccato et al., 2010).
Depleting endogenous BDNF produces an HD phenotype (Ba-
quet et al., 2004; Canals et al., 2004; Strand et al., 2007), while
overexpressing BDNF in HD mouse models has an ameliorative
effect (Gharami et al., 2008; Xie et al., 2010). Consequently, de-
veloping BDNF-based strategies for HD therapeutics has been
prioritized. Along these lines, preclinical testing has focused on
identifying compounds that upregulate endogenous BDNF levels
(Duan et al., 2004; Borrell-Pagès et al., 2006; Rigamonti et al.,
2007; Apostol et al., 2008; DeMarch et al., 2008; Duan et al., 2008;
Peng et al., 2008; Pineda et al., 2009; Simmons et al., 2009; Gi-
ampà et al., 2010; Zuccato et al., 2010; Mielcarek et al., 2011;
Simmons et al., 2011). These studies reinforce the importance of
BDNF as a therapeutic target; however, they used compounds
that were not specific for BDNF or TrkB, which could lead to
unwanted off-target effects.
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An alternative approach to BDNF-based treatments is to develop
small molecules that specifically activate TrkB. The rationale for tar-
geting TrkB in HD is based not only on BDNF deficiencies but also
on multiple linkages between the receptor’s signaling and underly-
ing HD degenerative mechanisms. Our laboratories identified small
molecule TrkB ligands with structures similar to loop II of BDNF
(Massa et al., 2010), a region that confers TrkB activation and spec-
ificity (Longo and Massa, 2013). One such ligand, [N,N�,N�-tris(2-
hydroxyethyl)-1,3,5-benzenetricarboxamide)] (LM22A-4), binds to
TrkB but not other Trks or p75NTR, and had a negative receptor
binding screen (Cerep). The absence of p75NTR binding makes
LM22A-4 distinct from a “BDNF mimetic” that would evoke a full
range of BDNF-related activities. LM22A-4 prevents quinolinic
acid-induced striatal neuron death, crosses the blood– brain
barrier to activate TrkB and its associated signaling, including
AKT and ERK (Massa et al., 2010), and ameliorates motor deficits
and pathology in rodent models of traumatic brain injury, stroke,
and Rett syndrome (Massa et al., 2010; Han et al., 2012; Schmid et
al., 2012). This study was undertaken to determine whether spe-
cifically activating TrkB with LM22A-4 can alleviate HD-related
striatal pathology, including huntingtin aggregates and dendritic
spine loss, and motor disturbances, using R6/2 and BACHD HD
mouse models.

Materials and Methods
The procedures used for this study were performed in accordance with
the National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and with protocols approved by the Institutional Animal
Care and Use Committee of Stanford University. These protocols include
efforts to minimize animal suffering and number of mice used.

All mice were group housed (3–5 mice/cage) and received cotton nest-
lets and rodent chow ad libitum. In rare instances, when fighting oc-
curred among cagemates, the aggressor was removed and housed singly.
Tail DNA was used for genotyping via real-time (RT) PCR and CAG
repeat numbers were measured with ABI GeneMapper 4.0 by Laragen.

R6/2 mice. Male R6/2 mice and their wild-type (WT) littermates were
purchased from The Jackson Laboratory [B6CBA-TgN (HD exon1)62;
JAX stock number: 006494]. These mice are transgenic for the 5� end of
the human HD gene carrying 100 –150 glutamine (CAG) repeats. R6/2
mice used in this study had an average of 131 � 2.3 (mean � SD) CAG
repeats; LM22A-4 and vehicle-treated R6/2 mice did not differ in CAG
repeat length. Mice were maintained with a 12 h light/dark cycle (on 6:00
A.M., off 6:00 P.M.). R6/2 mice and their WT littermates received wet
mush food and HydroGel (ClearH2O) daily starting at the time of overt
motor symptoms (�8 weeks old).

BACHD mice. Male BACHD mice and their WT littermates were also
purchased from The Jackson Laboratory (stock number: 008197). These
mice are a bacterial artificial chromosome-mediated transgenic model
that expresses full-length human mutant huntingtin with 97–98 CAG
repeats (Gray et al., 2008). BACHD mice used in this study all had 98
CAG repeats. Mice were maintained on a reverse 12 h light/dark cycle (on
6:00 P.M., off 6:00 A.M.).

LM22A-4. LM22A-4 was manufactured by and purchased from Ricerca
Biosciences. Each preparation was characterized by HPLC, nuclear magnetic
resonance spectrometry and liquid chromatography/mass spectrometry
(LC-MS) and had a purity of �97%. It has a molecular weight of 339.14 and
does not contain peptide bonds. In assays of neurotrophic activity, LM22A-4
had maximum levels of activity �80% of that of BDNF and an EC50 value
�500 pM, a profile consistent with a potent partial agonist (Massa et al.,
2010). An in-depth characterization of the ligand’s pharmacokinetics and
pharmacodynamics as well as its chemical structure is available in a pub-
lished report from our laboratories (Massa et al., 2010). Preparations of
LM22A-4 were characterized for bioactivity using hippocampal neuron sur-
vival assays, as previously described (Massa et al., 2010).

Analysis of LM22A-4 brain and plasma levels in R6/2 mice. The CNS
bioavailability of LM22A-4, at the doses and routes of administration to

be used in this study, was assessed in 10-week-old R6/2 mice. LM22A-4 in
saline solution (0.9% sodium chloride in distilled water; Sigma) was
administered once via intranasal (5 mg/kg, 0.5 ml/kg) and intraperito-
neal (50 mg/kg, 10 ml/kg) routes simultaneously to maximize brain lev-
els. To control for blood contamination of brain tissue, atenolol, a
compound with minimal blood– brain barrier penetration, was delivered
at 10 mg/kg in saline solution via oral gavage at the time of LM22A-4
administration. Mice were killed at 1 h or 3 h post dose (n � 4 mice/time
point), and forebrain and plasma samples were collected. Brain and
plasma concentrations of LM22A-4 and atenolol were determined by
reverse phase LC with triple-quadrupole tandem mass spectroscopic de-
tection (LC-MS/MS) by Absorption Systems. Test accuracy was verified
by generating a standard curve using known amounts of LM22A-4 added
to blank brain extract.

Study design and drug treatments. We tested the effects of LM22A-4 in
both R6/2 and BACHD mice. R6/2 mice are useful for drug testing be-
cause they develop symptoms rapidly and reliably, and BACHD mice
better represent the genetic component of HD with a slower disease
progression making them better suited for targeting early degenerative
mechanisms. Both of these models have been recommended for preclin-
ical therapeutic testing based on systematic behavioral analyses compar-
ing numerous available HD murine models (Menalled et al., 2009).

The 2 	 2 study designs (transgenic/WT 	 LM22A-4/vehicle) were
used using groups of male R6/2 or BACHD mice. Vehicle control groups
received sterile saline solution and experimental groups received
LM22A-4 in saline solution at 5 mg/kg (0.5 ml/kg) intranasally and 50
mg/kg (10 ml/kg) intraperitoneally, simultaneously. These LM22A-4
doses were chosen based on LC-MS/MS data on brain penetration and
doses that produced biological effects in previous in vitro (Massa et al.,
2010) and in vivo (Schmid et al., 2012) studies. All mice received one
intranasal instillation and one intraperitoneal injection per day 5– 6 d per
week and were weighed weekly. On days motor behavior was assessed,
dosing occurred after behavior tests were conducted. Treatment for R6/2
mice started at 4 weeks of age and continued for 7 weeks and, for BACHD
mice, began at 2 months of age and continued for 6 months. Mice
were treated in cohorts (n � 10/group) to render behavior testing
more manageable.

One cohort of R6/2 mice was used to assess the effects of LM22A-4 on
survival and was dosed throughout their life span. Mice were killed if they
could not right themselves within 30 s of being placed on their sides.
Spontaneous deaths that occurred overnight were recorded the next
morning. Mice used to assess survival were not used for histology.

Behavior testing. Behavior testing and dosing were performed by ex-
perimenters that were blind to the treatment and genotype conditions.
Testing of R6/2 mice was performed during the light phase of the light/
dark cycle while the BACHD mice were tested during the dark phase.
Mice were transported from the housing room to the behavior procedure
room �1 h before testing.

Rotarod and clasping performance. R6/2 mice were tested on a rotarod
(Med Associates) once a week at 8, 9, and 10 weeks old, while BACHD
mice were tested at 2, 5, and 8 months. Test sessions consisted of two
300 s trials (intertrial interval (ITI) �15 min) with acceleration from 4 to
40 rpm. The latency to fall from the rotarod was recorded and the trials
were averaged. For R6/2 mice, clasping behavior was tested once a week
at 8, 9, and 10 weeks old: mice were suspended by the tail for 60 s and the
latency for the hindlimbs or all four paws to clasp for at least 3 s was
recorded.

Vertical pole descent test. The vertical pole descent test was conducted
on R6/2 mice at 9 weeks old and BACHD mice at 5 months old using
methods similar to those described previously (Matsuura et al., 1997;
Hickey et al., 2008; Simmons et al., 2011). Mice were placed at the top of
a coarse, vertical wooden pole (diameter: 1 cm; height: 55 cm) in a cage
with bedding and allowed to descend. They were first given a practice run
and then four test trials (ITI �2 min); the time to reach the cage bottom
was recorded. If the mouse did not descend or dropped or slipped down
the pole without climbing, a default value of 60 s was recorded. The
descent times of the four tests were averaged.

Wire hang. R6/2 mice were subjected to the wire hang test once at 10
weeks old. They were allowed to grasp, using all limbs, a threaded metal
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rod (diameter 0.4 cm) that was positioned horizontally 6 inches above
their home cage. Mice received three trials (ITI �5 min) during which
they were allowed to hang until their grip failed or 60 s had elapsed.
Latency to fall was recorded and the trial scores were averaged.

Activity chamber. Gross locomotor activity was assessed in R6/2 mice
at 6 weeks old and BACHD mice at 8 months old in an activity chamber
(43.2 	 43.2 cm; Med Associates) inside a sound-attenuating arena un-
der red light. Mice were placed in the center of the chamber and allowed
to explore for 30 min while being tracked by an automated beam system
(Activity Monitor software, Med Associates). Distance moved and veloc-
ity was recorded.

Quantitative RT-PCR for huntingtin RNA. A separate cohort of WT
and R6/2 mice were dosed with vehicle or LM22A-4, as described above
(5 mg/kg, i.n. and 50 mg/kg, i.p.), for 2 weeks starting at 6 weeks of age
(n � 2 WT mice and 3– 4 R6/2 mice/group). One hour after their last
injection, mice were deeply anesthetized with avertin (2,2,2-
tribromoethanol), brains were removed, and the striatum was dissected
and flash frozen at 
80°C until use. Total RNA was isolated from stria-
tum using TRIzol reagent (Invitrogen), according to the manufacturer’s
instructions, and reverse-transcribed (2 �g) into single-stranded cDNA
using a High Capacity RNA-to-cDNA kit (Invitrogen; PN4387406).
cDNA products were used as templates for PCR amplification using the
following primers that recognize both mouse and human huntingtin
(Wang et al., 2008): HD1S (forward) 5�-ATGGCGvACCCTGGAAAAG
CT-3� and HD40A (reverse) 5�-TGCTGCTGGAAGGACTTGAG-3� [In-
tegrated DNA Technologies (IDT)]. The internal control was GAPDH,
which was detected with the following primers (IDT): 33935 (forward)
5�-TGCACCACCACCTGCTTAG-3� and 35093 (reverse) 5�-GATGCA
GGGATGATGTTC-3�. cDNA (5 �l for a final concentration of 10 ng)
was added to Power SybrGreen mix (Invitrogen; PN4367659) containing
200 nM of each forward and reverse primer. Water was added to bring
total volume to 20 �l. All samples were run in triplicate. Quantitative
RT-PCR (qRT-PCR) was conducted using an Applied Biosystems
StepOne RT-PCR system. Huntingtin RNA levels were calculated and
normalized to the internal control (GAPDH) and then expressed relative
to the WT vehicle group.

Western blot analyses. Two hours after their last injection with
LM22A-4 or vehicle, one cohort of R6/2 and WT mice (n � 8 –10 mice/
group) was deeply anesthetized with avertin and their brains rapidly
removed. One hemisphere was used for Western blotting, the other for
Golgi staining. The striatum was dissected from the former hemisphere
and flash frozen at 
80°C until use. Striatal tissue was homogenized and
sonicated in radioimmunoprecipitation assay lysis buffer containing
protease and phosphatase inhibitors [50 mM Tris, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% NP-40, 10% glycerol, 1 mM phenylmethanesulfonyl-
fluoride, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM

sodium pyrophosphate, 50 mM �-glycerophosphate, and a protease in-
hibitor cocktail (Roche)]. Lysates were centrifuged at 14,000 	g for 10
min, supernatant was collected, and protein concentrations were deter-
mined using Cytoskeleton Red Assay reagents (Cytoskeleton). Protein
samples (25 �g/lane) were electrophoresed through a NuPAGE 4 –12%
Bis-Tris Gel with MOPS or MES SDS running buffer (Invitrogen) and
transferred to polyvinylidene difluoride membranes.

To assess TrkB, AKT, ERK, PLC�, and CREB phosphorylation, mem-
branes were probed for a phospho-protein and then stripped and re-
probed for the corresponding total protein. Antibodies used were as
follows: rabbit monoclonal phospho-TrkBY817 (Epitomics), rabbit
polyclonal phospho-TrkBY515 (Novus Biologicals), rabbit polyclonal
phospho-TrkBY705 (Signalway Antibody), rabbit polyclonal TrkB
(Millipore), mouse monoclonal phospho-ERK (Thr202/Tyr204) and
phospho-AKT (Ser473) and rabbit polyclonal ERK and AKT (Cell Sig-
naling Technology), rabbit polyclonal phospho-phospholipase C-�
(PLC�)Y783 (Epitomics) and mouse monoclonal PLC� (BD PharMin-
gen), rabbit monoclonal phospho-cAMP response element (CRE)-
binding protein (CREB; Cell Signaling Technology), and mouse
monoclonal CREB (Cell Signaling Technology).

These striatal lysates were also used to assess levels of mature BDNF
(mBDNF; �14 –15 kDa; Lee et al., 2001; Matsumoto et al., 2008) and
dopamine- and cAMP-regulated phosphoprotein with a molecular

weight of 32 kDa (DARPP-32) using rabbit anti-BDNF (Santa Cruz Bio-
technology) and rabbit anti-DARPP-32 (Epitomics), respectively. For
BDNF blots, recombinant human BDNF (PreproTech) was loaded on
the same gels as the samples to verify mBDNF bands.

To control for variations in protein loading, all blots were also stripped
and reprobed with �-tubulin monoclonal antibody (Sigma). Western
blot signals were detected with an enhanced chemiluminescence detec-
tion system (GE Healthcare). For quantification, immunoreactive bands
were manually outlined, and densities were measured using Un-Scan-It
gel software (v6.1; Silk Scientific). For each blot, the densities of
phospho-protein-immunoreactive bands were expressed as a fraction of
the band for the total protein in the same lane and TrkB, mBDNF, and
DARPP-32 were expressed as a fraction of tubulin in the same lane.
Samples were run 2– 6 separate times, data were normalized to the WT
vehicle group of that gel, and these results were averaged.

Modified Golgi staining. Mice were deeply anesthetized with avertin
and their brains were rapidly removed and immersed in modified Golgi-
Cox staining solution (developed and provided by Deqiang Jing and
Francis Lee at Cornell University) for 8 d at room temperature in the
dark. They were then transferred to 30% sucrose in dH2O at 4°C for 72 h;
this solution was changed after the first 12 h. Brains were then cut, using
a vibratome, into 150 �m sections immersed in 30% sucrose at room
temperature. Sections were mounted onto slides coated with 0.3% gela-
tin. After drying briefly, slides were dipped in 40% sucrose three times
and allowed to air dry for 72 h in the dark. After dH2O washes, sections
were stained with developing solution, washed again, dehydrated
through graded ethanols, immersed in HistoClear, and then coverslipped
using DPX mounting medium.

Immunocytochemistry. Mice were deeply anesthetized with avertin and
transcardially perfused with 4% paraformaldehyde in 0.1 M PB, pH 7.4.
Brains were postfixed (1–2 h), cryoprotected in 20% sucrose/PB, and
sectioned (40 �m, coronal) using a freezing microtome. Free-floating
sections were processed for immunohistochemical localization of
DARPP-32 (1:1000; Millipore AB1656), parvalbumin (PV; 1:750; Ab-
cam), huntingtin protein (1:200; clone EM48, Millipore), or ubiquitin
(1:500; Dako) using the Vectastain Elite ABC kit (Vector Laboratories)
and visualized with a diaminobenzidine (DAB) substrate kit (Vector
Laboratories) or 0.05% DAB (Sigma) in Tris-buffered saline, pH 7.5,
with 0.03% H2O2. Immunofluorescent staining was used to visualize
IBA-1 (1:1000; Wako).

Microscopy and quantitative analyses of striatal histology. All analyses were
performed blind to the genotype and treatment of the mice. For all histolog-
ical analyses, the dorsolateral striatum was examined at rostral to mid-caudal
levels (�1.18 to �0.02 mm relative to bregma; Paxinos and Franklin, 2008),
as HD pathology progresses from dorsal to ventral and anterior to posterior
in this region (Vonsattel et al., 1985). Sampling fields were placed ventral to
and abutting the corpus callosum. For the analysis of nuclear huntingtin
staining, the primary motor cortex was also examined (�0.98 to �0.86 mm
relative to bregma; Paxinos and Franklin, 2008) with the sample field (see
below) in cortical layers 4/5. Images were acquired with a Zeiss Axio Imager
M2 microscope, AxioCam HRc camera, and Axiovision or Microlucida
(MBF Bioscience) software. In some instances, immunostaining was done in
multiple sets and quantifications were normalized to the WT vehicle group
of that staining set.

To assess nuclear huntingtin accumulation, all immunoreactive nuclei
and intranuclear aggregates within a sample field of 250 	 250 �m (0.063
mm 2) were manually traced in the striatum and cortex in one section per
mouse (n � 7–9/group) while viewed with a 100	 oil objective using
Neurolucida v.10 image analysis software (MBF Bioscience). Numbers of
aggregates and their areas were measured. The intensity of nuclear hun-
tingtin immunostaining was measured in two sample fields (90 	 70
�m) per hemisphere of two sections per mouse (8 fields/mouse total).
Within a sample field, a contour was drawn around each nucleus (con-
taining both diffuse and aggregate staining) for density profiling and the
background within the sample field was subtracted using the four corners
subtraction interpolation function of the UN-Scan IT v.6.1 densitometry
software (Silk Scientific).

DARPP-32, IBA-1, and PV immunostaining was analyzed in 4 – 6 stri-
atal sections per mouse (n � 9 –13/group). For area of DARPP-32 and
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IBA-1 staining, one sample field was imaged, at 10	 and 20	, respec-
tively, per section in each hemisphere (total of 8 –12 fields/mouse). Since
PV-containing cells are relatively sparse in the striatum, four nonover-
lapping sample fields in each hemisphere per section were imaged at 10	
to cover most of the striatum (�32 fields total/mouse). Immunostaining
was quantified using Image Pro Plus v6.3 (Media Cybernetics). Thresh-
olds were set manually to identify densely immunolabeled cells and their
processes that were distinct from labeling in the neuropil. The same
image exposure times and threshold settings were used for sections from
each treatment group. The area occupied by the immunostained cells and
processes was expressed as a percentage of the total area analyzed and
normalized by the WT vehicle group. The number of PV-stained somas
was also counted in the striatal fields described above using the AutoNeu-
ron function of Neurolucida software, which reconstructs neurons using
a tracing algorithm to differentiate somas from processes based on the
image background and size constraints. This unbiased approach was
used and then checked for accuracy by an investigator blind to experi-
mental groups.

In addition, a more extensive analysis of PV- and DARPP-32-
immunostained neurites was conducted in R6/2 and BACHD mice, re-
spectively, by manually tracing neurons in a sample field delineated by
nine squares (250 	 250 �m each) in the dorsolateral region of one
striatal section (approximately bregma 0.26 – 0.14 mm). Immunoreac-
tive neurites were analyzed with Neurolucida using an automated scan-
ning procedure (meander scan) affording unbiased nonoverlapping field
selection. Neurons, and neurites originating from them, were manually
traced under a 40	 objective and focusing through the Z-plane. For
DARPP-32, all neurons in every third meander scan field were traced
(569 � 11 MSNs per BACHD mouse; mean � SEM). For PV, all neurons
in all fields were traced (45 � 2 neurons per R6/2 mouse). Neurolucida
Branched Structure Analysis was used to compute the volume and length
of the neurites.

Dendritic spine density was obtained by manually tracing Golgi-
stained MSNs in the dorsolateral striatum while viewing and adjusting
focus at 100	 using Neurolucida. Neurons that minimally overlapped
adjacent neurons were selected. All branches from one dendritic tree of
each neuron were traced and 2–3 neurons were analyzed per mouse (n �
8/group).

The volume of the striatum was estimated in every eighth coronal 40
�m section between 1.34 and 
0.22 mm relative to bregma in mice of
each treatment group (n � 9 mice/group) using the Cavalieri method
within StereoInvestigator (MBF Bioscience).

Statistical analyses. GraphPad Prism v.5 was used to determine signif-
icance using a one-way ANOVA with a Newman–Keuls post hoc test
and/or a Student’s t test for paired comparisons. A repeated-measures
(RM) ANOVA was used for body weight and rotarod analyses. If the
variance significantly differed, as assessed with the Bartlett’s test, a t test
with Welch’s correction was used to assess statistical significance. Statis-
tical outliers were removed if values were 2 SDs from the mean (criteria
determined a priori). Results are expressed as group mean � SEM and
statistical significance was set at p � 0.05.

Results
LM22A-4 brain levels in R6/2 mice
Previous pharmacokinetic studies indicated that, 1 h after
LM22A-4 was administered at 10 or 50 mg/kg intraperitoneally,
brain concentrations were �100 nM (Massa et al., 2010; Schmid
et al., 2012), which is the concentration that produced maximal
cell survival effects in vitro (Massa et al., 2010). Similarly, when
LM22A-4 was administered at 5 mg/kg intranasally, low brain
concentrations were obtained (18 � 5 and 79 � 69 nM at 0.5 and
1 h, respectively; below detectable limit at 3 h; mean � SEM).
Thus, we investigated whether delivering LM22A-4 via intraperi-
toneal and intranasal routes simultaneously would produce fore-
brain levels of the compound �100 nM in R6/2 mice. To this end,
a single dose of 50 mg/kg LM22A-4 intraperitoneally coadminis-
tered with 5 mg/kg intranasally was delivered to R6/2 mice, and 1

or 3 h post dosing (n � 4/time point), forebrain and plasma
samples were collected for LC-MS/MS. The mean concentration
of LM22A-4 in forebrain, after correction for blood contamina-
tion, was 367 � 77 nM at 1 h after dosing and 17 � 2 nM by 3 h.
Although brain-to-plasma ratios were low (0.3 � 0.2 and 0.1 �
0.1 after 1 and 3 h, respectively; mean � SEM), the brain concen-
trations obtained were similar to or exceeded those at which
LM22A-4 is biologically active and maximally neuroprotective in
in vitro and in vivo assays of TrkB function (Massa et al., 2010).

Deficits in TrkB activation and signaling in R6/2 striatum are
prevented by LM22A-4
Since levels of TrkB are decreased in the striatum of HD patients
and multiple mouse models of the disease (Zuccato and Catta-
neo, 2007), we determined the levels of full-length TrkB protein
in the striatum of 11- to 12-week-old R6/2 and WT mice treated
for 7 weeks with LM22A-4 or vehicle (n � 8 –10 mice/group).
Striatal TrkB levels were reduced by 28 � 3% in vehicle-treated
R6/2 mice compared with WTs, and treatment with LM22A-4
did not affect levels of the receptor (Fig. 1A). TrkB phosphoryla-
tion at Y817, the tyrosine residue associated with PLC� docking
(Reichardt, 2006), is reduced in the striatum of the R6/1 HD
mouse model (Gharami et al., 2008) but is not altered in YAC128
mice (Gharami et al., 2008; Xie et al., 2010). To determine
whether TrkB activation is reduced in R6/2 striatum, phosphor-
ylation was assessed at three TrkB tyrosine residues (Y705, Y515,
and Y817) chosen on the basis of availability of phospho-specific
antibodies and on the signaling pathways associated with these
sites. Relative to WTs, R6/2 mice exhibited a 47 � 9% decrease in
striatal TrkB phosphorylation at Y705 (Fig. 1B). This residue
resides in the TrkB autoregulatory loop of the kinase domain and
its phosphorylation can further activate the receptor (Huang and
Reichardt, 2001). The other phospho-sites examined were un-
changed (Fig. 1C,D). Next, we investigated whether LM22A-4
could engage its target and promote TrkB activation. Striatal
TrkB phosphorylation was increased by the ligand at Y705 in
R6/2 mice, but a change in phosphorylation at Y515 or Y817 was
not detected at the 2 h post-LM22A-4 injection time point chosen
for analysis. In WT mice, TrkB phosphorylation was increased at
site Y515 with LM22A-4 administration, as shown previously
(Massa et al., 2010), but not at Y705 or Y817 (Fig. 1B–D).

We also investigated LM22A-4’s effects on the three major
downstream signaling pathways associated with TrkB activation:
PI3K/AKT, PLC�/PKC, and MAPK/ERK1/2, all of which have
altered activity levels in HD patients and/or mouse models (Colin
et al., 2005; Giralt et al., 2009; Bodai and Marsh, 2012). A marked
reduction in AKT activation was evident in the striatum of R6/2
mice given vehicle compared with WTs (Fig. 1E) and LM22A-4
treatment ameliorated this decrease. Activation of ERK was also
significantly decreased in the vehicle-treated R6/2 striatum com-
pared with WTs, although the levels were highly variable (Fig. 1F;
p � 0.001 Bartlett’s test for equal variance). LM22A-4 did not
significantly affect ERK activation. PLC� activity was reduced in
R6/2 mice and was increased with LM22A-4 administration (Fig.
1G). This increase occurred despite the lack of a detectable in-
crease in phosphorylation at Y817 on TrkB at the 2 h time point
examined.

Activating AKT, ERK, and PLC� pathways via TrkB signaling
has been shown to phosphorylate CREB, which promotes tran-
scription by recruiting CREB-interacting proteins to the CREs on
CREB target genes, such as BDNF (Finkbeiner et al., 1997; Du
and Montminy, 1998; Bonni et al., 1999; Shaywitz and Green-
berg, 1999). Mutant huntingtin impairs CREB signaling and
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CRE-mediated transcription, which has
been linked to the BDNF deficits associ-
ated with HD (Steffan et al., 2000; Zuccato
et al., 2001; Gines et al., 2003; DeMarch et
al., 2008). Previous studies have shown
that striatal levels of BDNF protein and/or
mRNA are reduced in HD patients (Ferrer
et al., 2000; Gauthier et al., 2004) and nu-
merous HD mouse models (Zuccato et al.,
2001; Luthi-Carter et al., 2002; Duan et
al., 2003; Gines et al., 2003; Spires et al.,
2004a; Lynch et al., 2007; Simmons et al.,
2009), including R6/2 mice (Simmons et
al., 2011). Although most BDNF within
the striatum is cortically derived, low lev-
els of BDNF transcripts are present, pos-
sibly via BDNF mRNA transport to
dendrites, and translated locally (Altar et
al., 1997; Luthi-Carter et al., 2002; An et
al., 2008). Thus, whether increasing TrkB
signaling with LM22A-4 could also allevi-
ate deficits in CREB activation and BDNF
levels in striatum was investigated. Phos-
phorylation (Ser 133) of CREB was re-
duced by 36 � 10% in vehicle-treated
R6/2 mice compared with the WT vehicle
group and LM22A-4 prevented this de-
crease (Fig. 1H). pCREB was also elevated
in WT mice given LM22A-4 though this
increase did not reach statistical signifi-
cance. Given that LM22A-4 prevented
pCREB reduction, striatal BDNF levels
were also assessed. The band correspond-
ing to the mature form of the protein
(mBDNF; 14 –15 kDa; Matsumoto et al.,
2008) was measured, as this form activates
TrkB signaling (Huang and Reichardt,
2001). Striatal mBDNF was reduced by
37 � 5% in R6/2 mice given vehicle com-
pared with WTs (Fig. 1 I), as shown pre-
viously with Western immunoblotting in
R6/2 mice and other HD mouse models
(Lynch et al., 2007; Apostol et al., 2008;
Gharami et al., 2008; Simmons et al.,
2009, 2011). LM22A-4 treatment par-
tially restored these levels in R6/2 mice but
had no effect in WTs.

Diffuse and aggregated huntingtin in
nuclei of striatal and cortical neurons is
reduced by LM22A-4
Intranuclear aggregates of the mutant
huntingtin protein are characteristic of
HD pathology in humans (DiFiglia et al.,
1997) and mouse models (Mangiarini et
al., 1996; Davies et al., 1997; Menalled et
al., 2003; Gray et al., 2008; Zuccato et al., 2010). In numerous
brain areas, the mutant protein is aberrantly processed and trans-
located from the cytoplasm to the nucleus, where it is present
diffusely and also in dense, compact aggregates. The size of these
aggregates was reduced in the striatum of R6/1 mice with trans-
genic overexpression of BDNF (Gharami et al., 2008). We exam-
ined the effects of LM22A-4 on the area and intensity of nuclear

huntingtin immunostaining in the R6/2 striatum and cortex. The
number and size of the densely stained intranuclear aggregates
appeared diminished in R6/2 mice given LM22A-4 compared
with vehicle-treated controls, as did the intensity of the diffuse
nuclear huntingtin staining (Fig. 2A). Quantitative analyses con-
firmed these observations (Fig. 2B,C). Compared with vehicle
treatment, treating R6/2 mice with LM22A-4 significantly re-

Figure 1. LM22A-4 activates TrkB and its associated downstream signaling in striatum of R6/2 mice. Representative Western
blots of striatal homogenates from 11- to 12-week-old WT or R6/2 mice treated with vehicle (Veh) or LM22A-4 (LM-4) for 7 weeks.
For all quantitation, n � 8 –10 mice/group were used and values were normalized to the WT Veh group run on the same gel.
Immunobands from one mouse per group and corresponding densitometric group analyses are shown. A–D, Full-length TrkB
levels (A) and its phosphorylation (p) at tyrosine residues Y705 (B), Y515 (C), and Y817 (D) are depicted. Samples from each mouse
were run in three to four replicates. TrkB levels were lower in striatum of R6/2 mice relative to WTs (***p � 0.001 vs WT Veh)
regardless of LM-4 treatment. TrkB phosphorylation (pTrkB) at Y705 (**p � 0.01 vs WT Veh), but not Y515 or Y817, was decreased
in Veh-treated R6/2 mice compared with WTs. LM-4 inhibited the reduction in Y705 phosphorylation ( �p � 0.05 vs R6/2 Veh).
LM-4 also increased phosphorylation at Y515 in WT mice ( #p � 0.05 vs WT Veh; two-tailed Student’s t test). E–G, Western blots
showing phosphorylation of AKT (E), ERK (F ), and PLC� (G), the three main downstream signaling pathways of TrkB. Samples from
each mouse were run in four to six replicates. Phosphorylation of AKT, PLC�, and ERK was decreased in Veh-treated R6/2 mice
compared with WTs (**p � 0.01 and ***p � 0.001 vs WT Veh). LM-4 prevented the deficits in AKT and PLC� ( �p � 0.05 and
��p � 0.01 vs R6/2 Veh) but not ERK phosphorylation. H, Western blot showing phosphorylation of CREB at Ser133. Samples
from each mouse were run in duplicate. pCREB was reduced by 36�10% in R6/2 mice given Veh (*p �0.05 vs WT Veh; two-tailed
Student’s t test) and LM-4 prevented this decrease ( �p � 0.05 vs R6/2 Veh; two-tailed Student’s t test); there was also an increase
in pCREB in the WT LM-4 group that did not reach statistical significance ( p � 0.07 vs WT Veh). I, Western blot showing mBDNF
protein levels in striatum. Samples from each mouse were run in triplicate. mBDNF levels are reduced in striatum of R6/2 Veh mice
(***p � 0.001 vs WT Veh) and this difference was attenuated by LM-4 treatment ( �p � 0.05 vs R6/2 Veh; two-tailed Student’s
t test). For all analyses, results are expressed as the mean � SEM and, for comparison purposes, some nonadjacent lanes of
Western blots were moved together and separated by spaces. Statistical significance was determined by ANOVA with Newman–
Keuls post hoc testing, unless otherwise noted.
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duced the number of neuronal nuclei containing diffuse hunting-
tin staining in both the striatum and cortex, as well as the area
occupied by stained nuclei and their staining intensity (Fig. 2B).
In addition, the total area occupied by the intranuclear hunting-
tin aggregates was reduced by 57 � 10% in striatum and 41 � 9%
in cortex due to decreases in the number of aggregates and the
mean area per aggregate (Fig. 2C).

Striatal transgene expression and atrophy are not affected by
LM22A-4 in R6/2 mice
The reduction in the number of immunopositive nuclei and area
occupied by intranuclear huntingtin staining seen with LM22A-4
treatment could occur if the ligand inhibits expression of the

huntingtin transgene or increases the vol-
ume of the striatum. Thus, we examined
whether LM22A-4 alters levels of hun-
tingtin transcripts or striatal volume in
R6/2 mice. The level of transgene expres-
sion in striatum of R6/2 mice, which ex-
press exon 1 of human huntingtin under
the control of the human HD promoter
(Mangiarini et al., 1996; Davies et al.,
1997), was determined with qRT-PCR us-
ing primers specific for mouse and human
huntingtin (Wang et al., 2008) relative to
endogenous GAPDH. As expected, R6/2
mice given vehicle had huntingtin tran-
script levels that were 2.5 times higher
than WTs (Fig. 3A). LM22A-4 did not af-
fect huntingtin transcript levels in R6/2
mice.

Mutant huntingtin expression causes
substantial atrophy of the striatum in HD
patients (Vonsattel et al., 1985) and
mouse models (van Dellen et al., 2000a;
Hockly et al., 2002; Canals et al., 2004;
Chopra et al., 2007; Giampà et al., 2009),
which may be reversed with BDNF over-
expression (Gharami et al., 2008). We de-
termined whether treatment with
LM22A-4 could prevent this gross mor-
phological change. The volume of the

striatum decreased by 22 � 5% in vehicle-treated R6/2 mice com-
pared with WT vehicle group (Fig. 3B), which is consistent with
previous reports (Hockly et al., 2002; Chopra et al., 2007; Giampà
et al., 2009; Simmons et al., 2011). The striatal volume of R6/2
mice given LM22A-4 did not differ from those given vehicle.

LM22A-4 ameliorates reduced DARPP-32 and PV levels in
striatal neurons
Within the striatum of HD patients, GABAergic MSNs are par-
ticularly susceptible to degeneration (Vonsattel et al., 1985; Von-
sattel and DiFiglia, 1998). These cells are enriched with the
dopamine signaling protein, DARPP-32, levels of which are de-
creased in the striatum of HD patients and mouse models and can
be upregulated by BDNF (Mangiarini et al., 1996; Bibb et al.,
2000; van Dellen et al., 2000b; Bogush et al., 2007; Gharami et al.,
2008). Thus, we investigated the effects of LM22A-4 on striatal
DARPP-32 in R6/2 mice. The area occupied by DARPP-32-
immunostained cells in the striatum was significantly lower in
vehicle-treated R6/2 mice compared with the WTs (Fig. 4A,B).
Moreover, Western blot analyses of striatal extracts showed that
DARPP-32 levels were decreased by 61 � 5% in the R6/2-
vehicle group compared with WTs (Fig. 4C). R6/2 mice treated
with LM22A-4 showed small but significant increases in both
the area occupied by DARPP-32 immunostaining and protein
levels (Fig. 4).

Another set of striatal neurons that degenerates in HD is the
PV-containing GABAergic interneurons (Harrington and Kow-
all, 1991). Of the striatal interneurons, those containing PV are
the most vulnerable to HD degeneration (Harrington and Kow-
all, 1991) and correspondingly have the highest incidence of in-
tranuclear huntingtin aggregates (Kosinski et al., 1999) and a
deficiency in excitotoxicity-induced activated CREB, a protein
that is neuroprotective in these cells (Giampà et al., 2006, 2009).
Furthermore, PV-containing interneurons are regulated by

Figure 2. LM22A-4 reduces diffuse and aggregated huntingtin in nuclei of striatal and cortical neurons of R6/2 mice. A,
Representative photomicrographs showing nuclear huntingtin immunostaining in striatum of R6/2 mice treated with vehicle
(Veh; top) or LM22A-4 (LM-4; bottom). Diffuse huntingtin immunostaining was lighter and surrounded the huntingtin aggregates
(arrows), which appeared smaller and less numerous in R6/2 mice given LM-4 (n � 9 mice) compared with those given Veh (n �
7 mice). Scale bar, 5 �m. Quantitative analyses of a sample field (0.063 mm 2) in striatum (Str) and cortex (Cx) of one section per
mouse confirmed these observations. B, The total area, number, and intensity of nuclei containing diffuse huntingtin staining
decreased with LM-4 treatment in both brain areas ( �p � 0.05, ��p � 0.01, and ���p � 0.001 vs R6/2 veh). C, The total
area occupied by huntingtin aggregates was reduced in Str and Cx due to a decrease in aggregate number and size ( �p � 0.05,
��p � 0.01, and ���p � 0.001 vs R6/2 veh). Results are normalized to the R6/2 vehicle group and expressed as mean � SEM.
Statistical significance was determined with a two-tailed Student’s t test.

Figure 3. Huntingtin transcript levels and striatal atrophy are not affected by LM22A-4 in
R6/2 mice. A, Data from qRT-PCR using primers recognizing both human and mouse huntingtin
(htt) are shown (n � 2 for WTs and 3– 4 R6/2 mice/group). Htt RNA levels were calculated and
normalized to the internal control (GAPDH) and then expressed relative to the WT vehicle (Veh)
group. Relative levels of htt transcript are increased in R6/2 striatum (***p �0.001 vs WTs) and
are not altered by LM22A-4 (LM-4). B, The volume of the striatum was significantly decreased in
the Veh-treated R6/2 mice compared with the WTs (*p � 0.05). LM-4 treatment did not
prevent striatal atrophy in R6/2 mice (n � 9 mice/group). Results are expressed as mean �
SEM. Statistical significance was determined by ANOVA with Newman–Keuls post hoc testing.

Simmons et al. • TrkB Ligand Reduces Striatal Deficits in HD Mice J. Neurosci., November 27, 2013 • 33(48):18712–18727 • 18717



BDNF (Cicchetti et al., 2000; Berghuis et
al., 2004; Grosse et al., 2005; Eto et al.,
2010) and although they constitute only
3–5% of striatal cells (Kawaguchi et al.,
1995), they provide strong inhibitory con-
trol of neurons projecting to the cortex
(Koós and Tepper, 1999), a connection
that is disrupted in HD (Cepeda et al.,
2013). Therefore the effects of LM22A-4
on this cell type were investigated. The
area occupied by PV-immunostained cell
bodies and processes was significantly de-
creased in R6/2 mice compared with WTs
(Fig. 5A,B). However, the number and
somal area of PV-containing cells was
similar [number (mean � SD): 57 � 32
and 52 � 9 cells/mm 2; area: 69 � 13 and
63 � 11 �m 2, for WT veh vs R6/2 veh,
respectively]. Thus, the decrease in total
area appeared to be predominately due to
degeneration of parvalbuminergic neu-
rites. Direct quantitative analyses of the
neurites of PV-stained cells showed that
the percentage of striatal PV cells lacking
immunoreactive neurites was higher in
vehicle-treated R6/2 mice than WTs (Fig.
5C). Of the neurite-containing PV cells,
neurite number was unaltered (data not
shown) but neurites on branch orders 1– 4
had significantly decreased volumes in
R6/2 mice given vehicle, and showed a de-
crease, although not statistically signifi-
cant, in the length of third- and fourth-
order branches compared to WTs (Fig. 5D,E). Treating R6/2
mice with LM22A-4 decreased the percentage of cells lacking
PV-stained neurites and restored neurite volume and length to
WT levels (Fig. 5C–E).

LM22A-4 decreases inflammation in the striatum of
R6/2 mice
Inflammatory reactions, specifically microglial activation and/or
cytokine release, have been described in brains of HD patients
(Sapp et al., 2001; Pavese et al., 2006; Simmons et al., 2007; Sil-
vestroni et al., 2009) and mouse models (Bjorkqvist et al., 2008;
Bouchard et al., 2012; Franciosi et al., 2012; Kwan et al., 2012),
including R6/2 mice (Simmons et al., 2007; Wacker et al., 2009),
and may contribute importantly to the progression of the disease
(Möller, 2010). We evaluated the effect of LM22A-4 on inflam-
mation, as assessed with immunostaining for IBA-1, a protein
expressed by activated or proliferating microglia (Ridley et al.,
1992; Imai et al., 1996; Ito et al., 1998), that is increased in R6/2
brains (Simmons et al., 2007; Wacker et al., 2009). The area oc-
cupied by IBA-1-stained microglia increased by 73 � 13% in
R6/2 mice given vehicle compared with the WT vehicle group
(Fig. 6). R6/2 mice treated with LM22A-4 had significantly re-
duced IBA-1 staining area compared with those given vehicle.

Dendritic spine pathology of MSNs is prevented by LM22A-4
We also investigated the effect of LM22A-4 on dendritic spine den-
sity, as marked spine loss is evident on MSNs of HD patients (Grave-
land et al., 1985; Ferrante et al., 1991) and mouse models (Guidetti et
al., 2001; Spires et al., 2004b; Xie et al., 2010; Lerner et al., 2012),
including R6/2 mice (Klapstein et al., 2001; Heck et al., 2012), and

BDNF deficiencies are associated with this deficit (Zuccato and Cat-
taneo, 2007; Xie et al., 2010). Dendritic branch orders 2 and higher
were analyzed, as these are the most affected in HD mice (Klapstein
et al., 2001; Lerner et al., 2012). Spine density was decreased by 25 �
5% in vehicle-treated R6/2 mice relative to WTs. This reduction was
similar to that described in the literature for R6/2 mice (Klapstein et
al., 2001; Heck et al., 2012). Treatment with LM22A-4 prevented the
decrease in spines at each branch order examined (Fig. 7A–C).

LM22A-4’s effects on body weight, life span, and gross motor
disturbances in R6/2 mice
Body weight was assessed in R6/2 and WT mice that received
LM22A-4 or vehicle treatment for 7 weeks starting at 4 weeks of
age (Fig. 8A). R6/2 mice given vehicle weighed significantly less
than WTs by the fourth week of treatment and throughout the
rest of the study. R6/2 mice treated with LM22A-4 also weighed
less than WTs starting at the fourth treatment week; however,
their body weights were slightly (9 � 2%) but significantly greater
than R6/2-vehicle mice by the last treatment weeks (Fig. 8A).
LM22A-4 did not affect WT body weight compared with those
given vehicle. Furthermore, LM22A-4 did not significantly affect
the survival of R6/2 mice in Kaplan-Meier analysis (Fig. 8B). R6/2
mice given LM22A-4 lived an average of 105 � 24 d (mean � SD)
compared with 101 � 28 d for those that received vehicle. In
addition, WT mice treated with LM22A-4 did not have shorter
life spans compared with WT mice treated with vehicle, suggest-
ing a lack of toxicity of the ligand.

Before testing for the effects of LM22A-4 on motor ability, we
first investigated whether the compound affected overall activity
levels. The activity of mice allowed to explore ad libitum an open

Figure 4. Decreases in striatal DARPP-32 levels are ameliorated by LM22A-4 in R6/2 mice. A, Representative DARPP-32 immu-
nostaining in striatum of WT (left) and R6/2 mice (right) treated with vehicle (Veh; top) or LM22A-4 (LM-4; bottom) is shown. Scale
bar, 80 �m. The immunostaining appeared lighter, especially in the neuropil, in R6/2 mice given Veh (n � 10) compared with the
WT veh (n � 12), WT LM-4 (n � 10) and R6/2 LM-4 (n � 13) groups. B, Quantitative analyses showed that the decrease in area
occupied by DARPP-32 immunostained cells and processes in Veh-treated R6/2 mice (*p � 0.05 vs WT Veh) was prevented with
LM-4 treatment ( �p � 0.05 vs R6/2 Veh). The area occupied by the immunostained cells and processes was expressed as a
percentage of the total area analyzed and normalized by the WT Veh group. C, Representative Western blot of striatal homogenates
from 11- to 12-week-old WT or R6/2 mice treated with Veh or LM-4 shows that DARPP-32 protein levels are decreased in the R6/2
Veh group compared with WTs (***p � 0.001) and that LM-4 ameliorated this deficit ( �p � 0.05; two-tailed Student’s t test).
Immunobands from two mice per group are shown. For quantitation, samples from each mouse (n � 8 –10 mice/group) were run
in triplicate, values were normalized to the WT Veh group, and runs for each mouse were averaged. Results are expressed as
mean � SEM. Statistical significance was determined by ANOVA and Newman–Keuls post hoc test, unless otherwise noted.
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chamber was measured after 2 weeks of dosing. During the first 10
min of exploration, all mice, regardless of genotype or treatment,
traveled similar distances at a similar velocity (data not shown) in-
dicating that LM22A-4 did not generally affect activity levels.

R6/2 mice have a distinct gross motor phenotype that reliably
emerges at �6 weeks of age and includes tremor, hindlimb clasp-

ing, and handling/stress-induced seizures (Mangiarini et al.,
1996; Hickey et al., 2005; Stack et al., 2005). We evaluated the
effect of LM22A-4 on the latter two motor disturbances. Clasping
was assessed with the tail suspension test once a week from ages 8
to 10 weeks old. Fewer R6/2 mice treated with LM22A-4 clasped
(4 of 10 mice) than those given vehicle (8 of 9 mice) at 8 weeks of
age (p � 0.03, 2 	 2 contingency table, Fisher’s exact test). How-
ever, this effect was not seen at 9 or 10 weeks old and clasp latency
was not affected by LM22A-4 treatment (mean of three tests,
R6/2 veh: 25 � 2 s; R6/2 LM22A-4: 28 � 3 s). The number of
seizures associated with handling at the time of dosing was also
assessed throughout treatment. R6/2 mice given vehicle and
those that received LM22A-4 had a similar mean number of sei-
zures over treatment weeks 2–7 (4.2 � 1.7 vs 3.6 � 1.0, respec-
tively, n � 10/group). However, LM22A-4 showed a tendency to
delay the onset of seizures. During treatment weeks 2– 4, 44% of
the R6/2 mice given vehicle had seizures while only 17% of those
treated with LM22A-4 seized (p � 0.06, Student’s t test). This
difference was eliminated by treatment weeks 5–7, with seizures
observed in 52 � 5% of R6/2 vehicle mice and 53 � 8% of R6/2
LM22A-4 mice.

LM22A-4 improves motor ability in R6/2 mice
The therapeutic efficacy of LM22A-4 on motor performance was
evaluated in R6/2 mice using tests that assessed particular aspects
of movement. The vertical pole descent test is a sensorimotor
assay of downward climbing that is particularly sensitive to stri-
atal damage (Matsuura et al., 1997). Performance on this test
significantly differed between the groups when tested at 9 weeks
of age. R6/2 mice given vehicle took �2 times longer to climb
down the pole compared with WT mice (Fig. 8C). Treatment of
R6/2 mice with LM22A-4 significantly improved their descent
time. LM22A-4 also improved the hanging endurance/grip
strength of R6/2 mice, in the wire hang test. Almost all of the WT

Figure 5. Degeneration of neurites from parvalbuminergic interneurons in R6/2 striatum is prevented by LM22A-4. A, Reconstructed drawings from Neurolucida tracings of PV-immunostained
interneurons in striatum. Scale bar, 10 �m. B, Quantitative analyses showed that the decrease in area occupied by PV-immunostained neurons and neurites seen in vehicle (Veh)-treated R6/2 mice
(*p � 0.05 vs WT Veh) was prevented with LM22A-4 (LM-4) treatment ( �p � 0.05 vs R6/2 Veh; n � 9/group). The area occupied by the immunostained cells and processes was expressed as a
percentage of the total area analyzed and normalized by the WT Veh group. C, R6/2 mice given Veh had a higher percentage of soma that lacked PV-stained neurites than WT mice (*p � 0.05) and
LM-4 prevented this deficit ( �p � 0.05 vs R6/2 Veh). D, E, PV-stained neurites of R6/2 vehicle mice also had reduced volumes on branch orders 1– 4 (*p � 0.05 vs WT Veh) and were shorter on
branch orders 3– 4, although this difference did not reach statistical significance. LM-4 increased the volume and length of the PV-stained neurites ( �p � 0.05 vs R6/2 Veh). Results are expressed
as mean � SEM. Statistical significance was determined by ANOVA with Newman–Keuls post hoc testing.

Figure 6. Inflammation is decreased by LM22A-4 in the R6/2 striatum. Immunostaining for
IBA-1, a microglial marker, is shown in the striatum of a vehicle (Veh)-treated WT (top left) and
R6/2 (top right) mouse, and an LM22A-4 (LM-4)-treated R6/2 mouse (bottom left). Scale bar,
80 �m. Quantitation showed that the area occupied by IBA-1 immunostaining increased sig-
nificantly in Veh-treated R6/2 mice compared with WT mice (***p � 0.001 vs WT Veh) and that
LM-4 ameliorated this effect ( �p � 0.05; n � 9/group). The area occupied by the immuno-
stained cells and processes was expressed as a percentage of the total area analyzed and nor-
malized by the WT Veh group. Results are expressed as the mean � SEM. Statistical significance
was determined with an ANOVA and Newman–Keuls post hoc test.
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mice held onto the metal rod for the du-
ration of the test, while vehicle-treated
R6/2 mice fell at much earlier times (Fig.
8D). R6/2 mice treated with LM22A-4
remained hanging 2 � 0.5 (mean � SD)
times longer than those given vehicle.
LM22A-4 did not affect motor balance
and coordination in rotarod testing
(Fig. 8E).

Striatal neuropathology is ameliorated
by LM22A-4 in BACHD mice
Given the positive results in R6/2 mice, we
investigated whether LM22A-4 could pro-
duce similar effects in the BACHD mouse
model of HD, which expresses full-length
mutant huntingtin and is a better replicate
of the genetic component of the disease
(Menalled, 2005; Gray et al., 2008; Menalled
et al., 2009). These mice develop a subtle HD
phenotype at a slower rate than R6/2 mice,
which could afford greater discrimination
of TrkB ligand effects. Behavioral deficits
emerge at �2 months of age, while cortical
BDNF expression decreases at 6 months,
and, at 12 months, huntingtin aggregates
and reduced striatal volume appear (Gray et
al., 2008; Menalled et al., 2009; Pouladi et al.,
2012).

We treated BACHD mice with
LM22A-4 for 6 months beginning at 2
months of age. As little is known about
pathology in these mice at 8 months of
age, we first investigated whether striatal

Figure 8. Effects of LM22A-4 on body weight, life span, and motor performance in R6/2 mice. A, Body weights of vehicle
(Veh)-treated R6/2 mice were significantly less than WT mice given Veh or LM22A-4 (LM-4) starting at 7 weeks of age
(fourth treatment week) and progressively decreased with aging. This decline was delayed by LM-4 treatment from the
fifth to seventh treatment weeks (n � 35–37 mice/group).***p � 0.001 vs WT Veh and �p � 0.05 vs R6/2 Veh, two-way
RM-ANOVA, with Bonferroni post-testing. B, Kaplan–Meier analysis curve showing that LM-4 does not affect survival of
R6/2 mice (n � 10/group). C, Time to descend a vertical pole was longer for Veh-treated R6/2 mice than WTs (***p �
0.001 vs WT Veh); LM-4 decreased descent time in R6/2 mice ( ��p � 0.01 vs R6/2 Veh; n � 18/group). D, Hanging
duration was shorter for R6/2 mice given Veh than WTs (***p � 0.001 vs WT Veh); LM-4-treated R6/2 mice remained
hanging longer than R6/2 Veh mice ( ���p � 0.001; n � 9 –10/group). E, Rotarod performance was impaired in R6/2
mice (*p � 0.05 and ***p � 0.001 vs WT Veh) and was not affected by LM-4 treatment (n � 19 –20/group). Results are
expressed as mean � SEM. Statistical significance was determined with an ANOVA and Newman–Keuls post hoc test,
unless otherwise noted.

Figure 7. LM22A-4 prevents dendritic spine loss on R6/2 striatal MSNs. A, Reconstructed drawings from Neurolucida tracings of one dendritic tree of Golgi-stained MSNs in
striatum. Scale bar, 10 �m. B, Spines on the fourth dendritic branch of MSNs from each of the four experimental groups are shown. Scale bar, 2.5 �m. C, Spine density on dendrites of
MSNs was reduced in vehicle (Veh)-treated R6/2 mice (n � 7–9 mice/group; **p � 0.01 vs WT Veh). This decrease was prevented by LM22A-4 (LM-4) on each branch order
examined (*p � 0.05 vs WT Veh and �p � 0.05 vs R6/2 Veh; two-tailed Student’s t tests; left graph) and this protective effect was particularly evident when data from branch orders
2–5 were combined ( ���p � 0.001 vs R6/2 Veh; right graph). Results are expressed as mean � SEM. Statistical significance was determined by ANOVA with Newman–Keuls post hoc
testing.
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BDNF and TrkB levels are altered at this age and then determined
suitable endpoints for discerning drug effects. Western immuno-
blotting was used to assess changes in BDNF and TrkB levels in
striatum of BACHD mice due to mutant huntingtin and/or
LM22A-4 treatment. In vehicle-treated BACHD mice, protein
levels of mBDNF were 16 � 5% lower (Fig. 9A) than in WTs. As
most striatal BDNF is cortically derived and this transport is dis-
rupted in HD (Altar et al., 1997; Zuccato and Cattaneo, 2007),
this result agrees with a previous study showing that BDNF
mRNA levels are reduced in cortex of BACHD mice at 6 months
of age (Gray et al., 2008). TrkB levels were similar in WT and
BACHD mice (Fig. 9B). At the 2 h postinjection time point ex-
amined, LM22A-4 did not significantly alter striatal mBDNF or
TrkB levels.

Intranuclear huntingtin aggregates were not detectable with
EM48 or ubiquitin immunostaining in BACHD mice at 8 months
of age (data not shown). Striatal DARPP-32 protein levels ap-
peared to decrease slightly, though not significantly, in BACHD
mice at 10 months of age (Pouladi et al., 2012). Similarly, we
found that the area and intensity of neuronal DARPP-32 immu-
nostaining did not differ in BACHD and WT mice (data not
shown). Since neurites are particularly susceptible to degeneration,
we also determined whether DARPP-32-containing processes
were affected by mutant huntingtin. DARPP-32-containing neu-
rites exhibited decreased surface area and length in vehicle-
treated BACHD mice compared with WTs, which did not reach
statistical significance (Fig. 10A–C). However, LM22A-4 treat-
ment did significantly increase both measures in BACHD mice
compared with those given vehicle.

Changes in the electrophysiology of corticostriatal circuits
arise at 2– 6 months old in BACHD mice (Gray et al., 2008; Spam-
panato et al., 2008; André et al., 2011). Therefore, we investigated
whether potentially related structural changes were evident by
assessing dendritic spine density (Fig. 11A), which has not been
investigated in these mice. The density of dendritic spines on
MSNs differed significantly between groups (n � 9 –10 mice/

group) with a 30 � 6% decrease in vehicle-treated BACHD mice
on dendritic branches third-order and higher compared with
WTs (Fig. 11B, right graph). For both third- and fourth-order
branches, vehicle-treated BACHD mice had significantly fewer
spines than WTs and this decrease was prevented by LM22A-4
treatment (Fig. 11B, left graph).

Effects of LM22A-4 on body weight and motor performance
in BACHD mice
BACHD mice given vehicle traveled less distance in an activity
chamber than WT mice at 8 months of age (Fig. 12A), but their
velocity was unchanged (data not shown). LM22A-4 prevented
the hypoactivity of BACHD mice. Downward climbing ability of
vehicle-treated BACHD mice was also impaired, as they took

Figure 9. Mature BDNF levels are decreased while TrkB levels are unaltered in striatum of
8-month-old BACHD mice. Representative Western blots from BACHD mice (treated for 6
months beginning at 2 months of age) showing striatal protein levels of (A) mBDNF (�14 –15
kDa) and (B) TrkB. Immunobands from one mouse per group and corresponding densitometric
analyses are shown. Corresponding tubulin immunobands from the stripped and reprobed blots
are shown at the bottom of each gel panel. For quantitation, samples from each mouse (n �
5–9 mice/group) were run in duplicate, values were normalized to the WT vehicle group, and
runs for each mouse were averaged. mBDNF protein levels are lower in striatum of vehicle-
treated BACHD mice compared with WTs (*p � 0.05). Striatal levels of TrkB were unaltered in
BACHD mice. LM22A-4 (LM-4) did not significantly affect mBDNF or TrkB levels. Results are
expressed as mean � SEM, and, for comparison purposes, some nonadjacent lanes of Western
blots were moved together and separated by spaces. Statistical significance was determined
with an ANOVA with a Newman–Keuls post hoc test.

Figure 10. LM22A-4 ameliorates degeneration of striatal DARPP-32 neurites in BACHD
mice. A, DARPP-32 immunostaining in striatum of WT (left) and BACHD mice (right) treated
with vehicle (Veh; top) or LM22A-4 (LM-4; bottom) is shown. Scale bar, 10 �m. The neurites of
DARPP-32-stained neurons (A, arrows) of BACHD mice tend to have a smaller surface area (B)
and shorter length (C) than those of WT mice (n � 8 –9 mice/group; ANOVA p � 0.04, F �
3.24; p � 0.07, Student’s t test WT Veh vs BACHD Veh). Treating BACHD mice with LM-4
significantly increased the surface area and length of the neurites containing DARPP-32
( ��p � 0.005 and ���p � 0.001 vs BACHD veh, two-tailed Student’s t tests).

Simmons et al. • TrkB Ligand Reduces Striatal Deficits in HD Mice J. Neurosci., November 27, 2013 • 33(48):18712–18727 • 18721



significantly longer to descend a pole than
their WT littermates (Fig. 12B). LM22A-4
treatment reduced the climbing time of
BACHD mice on the vertical pole test. As
seen with the R6/2 mice, LM22A-4 did not
affect deficits in rotarod performance
(Fig. 12C). Wire hang was not performed
on BACHD mice as a previous report
found that their grip strength is unaltered
(Menalled et al., 2009).

From the first week of treatment at 2
months of age, vehicle-treated BACHD
mice weighed significantly more than WT
mice (Fig. 12D), as reported previously
(Gray et al., 2008; Menalled et al., 2009;
Pouladi et al., 2012). BACHD mice given
LM22A-4 also weighed more than WTs
beginning at the third treatment week un-
til the end of the experiment, and their
weights did not differ from vehicle-
treated BACHD mice.

Discussion
Current HD therapeutics are directed at di-
minishing disease symptoms rather than
factors contributing to its progression. A key
contributor to HD pathogenesis is the loss
of BDNF and its signaling via TrkB (Zuccato
and Cattaneo, 2007). TrkB signaling inter-
mediates largely overlap those responsible
for neuronal survival and synapse integrity.
Thus, targeting TrkB receptors with small
molecule ligands could offer mechanism-
based therapeutics that will not only offset
effects of BDNF deficiencies, but also
combat underlying HD degenerative mech-
anisms. We tested this hypothesis by chron-
ically administering the small molecule TrkB ligand, LM22A-4, to
two HD mouse models. LM22A-4 penetrated the CNS in sufficient
amounts to activate TrkB, improve motor ability, and prevent neu-
ropathology, including huntingtin aggregates in striatum and cor-
tex, as well as striatal inflammation, dendritic spine deficits,
decreased DARPP-32 levels, and degeneration of neurites on PV-

containing cells. These results strongly support the idea that small
molecule ligands specific for TrkB could be effective HD
therapeutics.

A concern with using TrkB ligands for HD therapy is adequate
expression of the target, as striatal TrkB levels are reduced in HD
patients and mouse models, and may be present in insufficient
amounts to activate downstream signaling (Zuccato and Catta-

Figure 11. LM22A-4 prevents deficits in dendritic spines of BACHD striatal MSNs. A, Reconstructed drawings from Neurolucida tracings of one dendritic tree of Golgi-stained MSNs in striatum of
WT (left) and BACHD mice (right) treated with vehicle (Veh; top) or LM22A-4 (LM-4; bottom). Scale bar, 10 �m. B, Spine density of MSNs was reduced in Veh-treated BACHD mice on dendritic branch
orders 3–5 (*p � 0.05 vs WT Veh, ANOVA and Newman–Keuls post hoc test, right graph) particularly on third and fourth orders (*p � 0.05 vs WT Veh, Student’s t test, left graph); this reduction
was prevented by LM-4 ( �p � 0.04 vs BACHD Veh, Student’s t test; n � 9 –10/group). Results are expressed as mean � SEM.

Figure 12. Effects of LM22A-4 on motor performance and body weight in BACHD mice. A, Distance traveled during the first 10
min in an activity chamber was decreased in vehicle (Veh)-treated BACHD mice compared with WT mice (*p � 0.05). This
hypoactivity was prevented by LM22A-4 (LM-4) treatment ( �p � 0.05 vs BACHD Veh; n �12–15/group). B, Downward climbing
was also impaired in BACHD Veh mice (***p � 0.001 vs WT Veh); LM-4 improved descent time of BACHD mice on the vertical pole
test ( �p � 0.05 vs BACHD Veh; n�15–22/group). C, Deficits in rotarod performance were seen at 5 (Test 2) and 8 (Test 3) months
of age (both **p � 0.01 vs WT Veh), but not at 2 months (Test 1); LM-4 had no effect on performance on this test (n �
15–22/group). D, Body weight was not affected by LM-4 treatment in WT or BACHD mice (n � 15–22/group). Results are
expressed as mean � SEM. Statistical significance was determined by ANOVA with Newman–Keuls post hoc testing.
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neo, 2007). Although striatal TrkB levels were reduced by �30%
in R6/2 mice and a concomitant decrease in activation was ob-
served, LM22A-4 restored TrkB phosphorylation and activated
its major effectors: AKT, PLC�, and CREB. Thus, TrkB receptors
retained their capability to trigger downstream signaling and
supported striatal function. Overall, these findings demonstrate
LM22A-4 target engagement accompanied by an ameliorated
HD phenotype.

The restorative effect of LM22A-4 on AKT, PLC�, and CREB
signaling could counteract many HD-related degenerative mech-
anisms. AKT is a prosurvival kinase that phosphorylates, thereby
inhibiting, substrates involved in cell death processes (Datta et al.,
1999), and is decreased in the HD striatum (Humbert et al., 2002;
Colin et al., 2005). When activated, AKT decreases mutant hun-
tingtin aggregation and toxicity directly by phosphorylating hun-
tingtin or indirectly by increasing arfaptin2’s promotion of
huntingtin degradation via the proteasome (Humbert et al.,
2002; Colin et al., 2005; Rangone et al., 2005). BDNF-induced
activation of AKT also protects striatal neurons from excitotoxic
degeneration (Brito et al., 2013). Furthermore, disrupted BDNF-
TrkB-PLC� signaling and decreased transcription of CREB-
dependent genes, including BDNF, is associated with learning
deficits in HD mice (Giralt et al., 2009, 2012). Thus, AKT, PLC�,
and CREB activation by LM22A-4 could potentially prevent di-
verse and fundamental HD pathologies.

The large decreases in diffuse nuclear huntingtin and aggre-
gates seen with LM22A-4 treatment indicate that the ligand mit-
igates huntingtin oligomer production and/or accumulation.
Numerous processes contribute to aggregate formation includ-
ing aberrant cleavage of mutant huntingtin, protein misfolding,
and reduced protein degradation due to disruptions in au-
tophagy and/or ubiquitin-proteasome system (Zuccato et al.,
2010). LM22A-4 may mediate its effects on huntingtin oligomers
by increasing their clearance, as BDNF/TrkB signaling can facil-
itate ubiquitin-proteasome processing (Jia et al., 2008; Cheng et
al., 2011) or by activating AKT, as discussed above. Although the
debate concerning whether insoluble aggregates are toxic or neu-
roprotective is ongoing (Kuemmerle et al., 1999; Zuccato et al.,
2010), reduced aggregate load due to silencing mutant huntingtin
expression (Yamamoto et al., 2000), overexpressing the BDNF
transgene (Gharami et al., 2008), or various therapeutic ap-
proaches (Dedeoglu et al., 2002; Ferrante et al., 2002; Duan et al.,
2003; Nguyen et al., 2005; Chopra et al., 2007; DeMarch et al.,
2008; Simmons et al., 2011) is associated with improved cogni-
tion and/or motor performance in HD mice. Thus, LM22A-4’s
effects on mutant huntingtin pathology may contribute to its
restorative effects on motor ability.

LM22A-4 ameliorated deficits in two cell populations severely
affected in the HD striatum: DARPP-32-expressing MSNs and
PV-containing interneurons. DARPP-32 is important for dopa-
mine function, and reduced BDNF expression in HD mice exac-
erbates dopamine deficits (Bibb et al., 2000; Pineda et al., 2005).
Thus, upregulating DARPP-32 with LM22A-4 may alleviate dis-
turbances in dopamine transmission that contribute to motor
deficits in HD mice. BDNF upregulates DARPP-32 via AKT sig-
naling (Stroppolo et al., 2001; Bogush et al., 2007) and, since
LM22A-4 increases AKT activation, it may elevate DARPP-32
levels via this mechanism. BDNF also affects the electrophysio-
logical function and survival of striatal PV-containing interneu-
rons (Cicchetti et al., 2000; Berghuis et al., 2004; Grosse et al.,
2005; Eto et al., 2010). These interneurons are sparse but integral
to striatal function as they mediate “feedforward” inhibition
from cortex to MSNs (Bennett and Bolam, 1994; Kawaguchi

et al., 1995). Therefore, preserving PV-containing interneurons
with LM22A-4 may be another way that the ligand positively
affects motor performance.

Notably, LM22A-4 largely reduced dendritic spine pathology of
MSNs. Spine density was decreased on striatal MSNs by 25–30%
in both R6/2 and BACHD mice and restoring TrkB signaling with
LM22A-4 almost completely prevented these deficits. This effect
may be direct, since TrkB is located on the plasma membrane of
striatal spines (Wu et al., 1996; Drake et al., 1999; Ma et al., 2012) and
is thus situated to initiate cytoskeletal changes, such as activity-
driven actin polymerization needed to form and/or stabilize spines
(Rex et al., 2007; Lynch et al., 2008). This process is disrupted in
hippocampus of HD knock-in mice, as is long-term potentiation
(LTP), and is restored with BDNF or by upregulating the neurotro-
phin with ampakines (Lynch et al., 2007; Simmons et al., 2009). In
striatum, BDNF and TrkB signaling promote LTP (Jia et al., 2010)
and may increase spine density of MSNs in HD mice (Baquet et al.,
2004; Spires et al., 2004b; Xie et al., 2010). Furthermore, AKT, PLC�,
and CREB signaling, which are increased by LM22A-4, have been
linked to regulating spine formation, morphology, and/or function
(Zhou et al., 2007; Cuesto et al., 2011; Majumdar et al., 2011). To-
gether, these results suggest that LM22A-4’s positive effect on MSN
spine density contributes substantially to the preserved striatal func-
tion in HD mice. This finding is the first demonstration that a small
molecule ligand increases spine density in the HD striatum. It is of
particular significance since spinopathy is considered an underlying
mechanism in numerous neurodegenerative conditions and spines
have become prime therapeutic targets (Blanpied and Ehlers, 2004;
Lynch et al., 2008; Ehrnhoefer et al., 2011).

R6/2 and BACHD mice treated with LM22A-4 showed im-
proved performance on the pole test but not the rotarod. Pole
test performance is susceptible to reduced striatal dopamine
(Matsuura et al., 1997), while the rotarod involves motor co-
ordination and cardiopulmonary endurance and may require
dopamine more for task learning (Chagniel et al., 2012).
BDNF modulates motor system plasticity and function (Kleim
et al., 2006; Fritsch et al., 2010; McHughen et al., 2010) so it is
also of interest that rotarod performance was not affected
when cortical and cortically derived striatal BDNF was selec-
tively eliminated (Baquet et al., 2004). Moreover, upregulat-
ing BDNF using amapkines improved pole test performance of
R6/2 mice to a greater extent than the rotarod (Simmons et al.,
2011). Thus, the differential dependence on dopamine and/or
BDNF may explain why LM22A-4 selectively improved per-
formance on these tasks.

Despite the ameliorative effects of LM22A-4 on striatal
neuropathology and motor dysfunction, the compound did
not extend the R6/2 life span. Neuronal death does not cause
R6/2 lethality as neuron loss is nominal before their death
(Turmaine et al., 2000); however, many other factors may
shorten their life span including body weight loss, seizures,
muscle atrophy, cardiac dysfunction, and diabetes (Hunt and
Morton, 2005). The former two factors have been negatively
associated with elevated BDNF (Scharfman, 2005; Chaldakov
et al., 2009); however, they were slightly improved with
LM22A-4 treatment. LM22A-4’s lack of effect on life span is
unlikely to involve peripheral toxicity as TrkB receptors show
little or no expression in the adult periphery including neural
and non-neural tissues (Klein et al., 1990; Yamamoto et al.,
1996). Given its many positive effects, LM22A-4’s inability to
extend R6/2 life span may not be pertinent in considering
TrkB ligands as HD therapeutics.
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Further support for the hypothesis that small molecule tar-
geting of TrkB can ameliorate HD pathologies is provided by a
recent study demonstrating that 7,8-dihydroxyflavone (7,8,-
DHF) and its synthetic derivative (4�-dimethylamino-7,8-
DHF) increased TrkB (Y706) and MAPK phosphorylation,
improved coordination on one motor test, decreased brain
atrophy, maintained DARPP-32 levels, alleviated impaired
neurogenesis, and extended survival in the N171– 82Q HD
mouse model (Jiang et al., 2013). Whether these compounds
rescued AKT, PLC�, or CREB signaling deficiencies or re-
duced HD cellular pathology, including huntingtin aggregates
and spine loss, was not determined. Since flavones have anti-
oxidant effects and can protect cells in the absence of TrkB
(Chen et al., 2011), the specificity of the actions of these com-
pounds to TrkB needs to be assessed.

In summary, these results validate the hypothesis that isolated
targeting of TrkB, as distinct from the effects of BDNF via TrkB
and p75 NTR binding, can prevent HD-related degenerative
mechanisms and motor function decline in multiple HD mouse
models. They also encourage a small molecule strategy for treat-
ing HD and other neurodegenerative conditions. Subsequent
studies will test if novel derivatives of the TrkB ligand with opti-
mized bioavailability can improve cognitive and psychiatric dis-
turbances and further ameliorate motor impediments and
neuropathology.
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